Summary: Qualitatively different responses of ADP levels have previously been observed in the brain during hypercarbia, One investigation has found that cerebral ADP stayed constant during hypercarbia in rats that were anesthetized with halothane, while another observed that ADP decreased during supercarbia in rats that received no supplemental anesthesia, This article reports an in vivo 31p nuclear magnetic resonance study to test the hy pothesis that halothane anesthesia accounts for the dis crepant observations, lsoflurane anesthesia was also studied in a second group of rats to see if a different gen eral anesthetic agent would cause the same effects that halothane causes, The two groups of five rats underwent dual episodes of hypercarbia that were separated by a 45-min recovery period, General anesthesia, either 0,5%
HYPERCARBIA, BRAIN ENERGY METABOLISM, AND ANESTHESIA
The cerebral metabolic response of oxygenated rats to acute hypercarbia (P aco2 = 250 mm Hg) has been studied with invasive biochemical techniques (Siesjo et ai., 1972) and noninvasive 31 P nuclear magnetic resonance (NMR) methodologies (Nioka et ai., 1984; Petroff et ai., 1984) , Siesjo et aI. (1972) found that (a) brain tissue ATP and ADP remained unchanged up to arterial CO2 tensions of =260 mm Hg; (b) the creatine kinase equilibrium equation completely accounts for the observed decrease in phosphocreatine (PCr) with intracellular pH (pH); halothane or 1.0% isoflurane, was administered during the first episode but not during the second, Hypercarbia during halothane anesthesia caused the measured phos phocreatine (PCr) to decrease by 40%, while the calcu lated change in ADP was 10%, in agreement with the former investigation, In contrast, hypercarbia during ei ther isoflurane anesthesia or no anesthesia caused a de crease of only 10% in PCr, which meant that the calcu lated decrease in ADP was 60%, in agreement with the results of the second investigation, We conclude that during hypercarbia, clinical concentrations of halothane, unlike clinical concentrations of isoflurane, interfere with the regulation of ATP metabolism, Key Words: Bioener getics-Brain-Halothane-Hypercarbia-In vivo Isoflurane-Nuclear magnetic resonance-Supercarbia, and (c) hypercarbia is an anesthetic state that occurs without energy failure. We recently used 31p NMR spectroscopy during supercarbia (Paco2 ? 400 mm Hg) to study cerebral metabolic changes in vivo in rats (Litt et ai., 1985) , and have shown that (a) ATP also remains unchanged during this more severe insult; (b) pHi decreases by the expected amount of �0.65 pH unit; and (c) there is complete neurologic recovery after normocarbia is restored. However, in our supercarbia study we observed a decrease in PCr of only =25%, which contrasts with the =40% decrease in PCr that was seen by Siesjo et al. (1972) during hypercarbia. The mea sured forward and reverse fluxes for creatine kinase reaction, PCr + ADP + H+ � Cr + AT P, indicate that this reaction is close to equilibrium in brain and in muscle (Meyer et ai., 1982; Shoubridge et aI., 1982; Alger and Shulman, 1984) . Intracellular acidosis is known to drive the reaction to the right in vitro . Thus, an in-crease in the intracellular hydrogen ion concentra tion is expected to result in a decrease in the intra cellular per and ADP concentrations. The 25% de crease that we saw in per during supercarbia mathematically translates, via the creatine kinase equilibrium equation, into a 66% decrease in free intracellular ADP. This observation contrasts with that by Siesj6 et al. (1972) who measured no de crease in the total ADP during hypercarbia.
We hypothesize that halothane anesthesia, which was used by Siesj6 et al. (1972) but not by Litt et al. (1985) , might account for the different ADP changes. It is known that halothane uncouples oxi dative phosphorylation through an intramembrane process in the mitochondria that has no measurable effect on the proton electrochemical potential (Rot tenberg, 1983) . Halothane, unlike other vapor anes thetics, is also said to have a toxic metabolic effect upon brain metabolism, because it causes a dose-de pendent decrease in cerebral oxygen consumption after enough of it has been administered to produce an isoelectric EEG pattern (Michenfelder and Theye, 1975) . We tested our hypothesis by using 31p NMR spectroscopy to measure and compare the cerebral metabolic changes in ventilated rats during two episodes of hypercarbia that were sepa rated by a 45-min recovery period. Halothane was administered during the first episode but not during the second. In a similar fashion we also studied the effect of isoflurane, an anesthetic that is generally believed to confer cerebral metabolic protection (Newberg and Michenfelder, 1983) , upon the cere bral metabolic response to hypercarbia. A compar ison is made of the changes in per, pHj, ATP, and ADP that are caused by hypercarbia during three situations: halothane anesthesia, isoflurane anes thesia, and no anesthesia.
METHODS
Te n randomly chosen adult Sprague-Dawley rats weighing 350-400 g were divided into two five-animal groups. Each animal was anesthetized, mechanically ventilated via an orotracheal catheter, and then paralyzed with pancuronium (2 mg) that was administered by an in traperitoneal injection. Halothane anesthesia (0.5%) was initially administered to the animals in the first group, while isoflurane anesthesia (1.0%) was initially adminis tered to animals in the second group. Each animal was studied in our 5.6-tesla horizontal-bore NMR spec trometer. 31p brain spectra were obtained from 5-min data accumulations, as in our previous in vivo NMR studies (Litt et aI., 1985) . The first episode of hypercarbia, ini tiated after a control spectrum was taken, was induced by adding CO2 to the inspired gas mixture until the inspired oxygen concentration was 60%, as measured with a po larographic electrode. Three 5-min NMR spectra were obtained during this period of hypercarbia. The halothane J Cereb Blood Flo\\' Metab. Vol. 6. No. 3, 1986 or isoflurane and the CO2 were then turned off, and 100% oxygen was delivered by mechanical ventilation for 45 min. Six 5-min recovery spectra were recorded during this time, and a second control spectrum was taken. The second episode of hypercarbia was then induced by simi larly adding CO2 to the inspired gas mixture, but on this occasion neither halothane nor isoflurane was adminis tered. Three 5-min NMR spectra were obtained during the second episode of hypercarbia, and 31P-metabolites were compared with those in the second control run. The inspired CO2 was then discontinued, and six 5-min re covery spectra were obtained. The animals were then al lowed to wake up, as in the supercarbia study. Paired t tests were used within each group to compare the meta bolic changes during the two episodes of hypercarbia. Unpaired t tests were used be ween the groups to com pare the changes caused by hypercarbia during "no anes thesia. "
Invasive parallel studies were done outside the NMR spectrometer in two groups of five anesthetized rats. The same sequence of hypercarbic insults, during and after vapor anesthesia, was performed in animals whose mean arterial blood pressure and heart rate were continuously monitored. Arterial blood gases were measured just prior to every change in the inspired gas mixture. Bilateral silver wire frontal-occipital EEG leads were surgically placed in the dural position in three animals, using the burr hole technique of P. R. Weinstein and B. Andrews (personal communication). The EEG signal was moni tored and recorded on magnetic tape, and also fed to a Neurotrac monitor, which displayed the compressed spectral array (Levy et aI. , 1980) and spectral edge fre quency (Rampil et aI., 1980) for each pair of leads. The physiologic data and the blood gas data for the two in sults were compared between and within the two groups.
RESULTS
There was complete neurologic recovery after two episodes of hypercarbia.
Ta ble 1 summarizes the cerebral metabolic changes observed in the two groups of animals. The subscripts 1 and 2 refer, respectively, to control values and values measured after 15 min of hyper carbia. Hypercarbia (PaC02 = 194 ± 25 mm Hg) caused changes in pHj and Paco2 that were not sig nificantly different among the anesthetized and un anesthetized episodes. The average decrease in ce rebral pHj was 0.53 ± 0.08 unit for all episodes of hypercarbia. Hypercarbia also caused an average decrease of 15 ± 10% in the per concentration for episodes where there was either no anesthesia or isoflurane anesthesia. Hypercarbia during halo thane anesthesia, however, caused the per to de crease by 42 ± 8%. A paired t test for hypercarbia episodes in Group 1 showed that the 2.5 times greater decrease in per was statistically significant (p < 0.01). A paired t test was used to compare metabolite changes in Group 2, and an unpaired t test was used to compare the "no anesthesia" data set in Group 1 with the "no anesthesia" data set in Group 2, There was no statistically significant dif ference in the metabolite changes during non halothane episodes of hypercarbia. The creatine kinase equilibrium equation was used as previously described (Litt et aI., 1985) to calculate the new value of free intracellular ADP that resulted after hypercarbia. During halothane anesthesia, hypercarbia caused no significant de crease in the calculated value of ADP. This agrees with the result of Siesjo et al. (1972) , despite the fundamental difference in technique and the fact that NMR spectroscopy measures only the un bound fraction of the total ADP. During isoflurane anesthesia and no anesthesia, hypercarbia caused the calculated value of ADP to drop by �60%, which is a decrease close to that seen during super carbia.
The results of the invasive pressure measure ments and arterial blood gas analyses are given in Ta ble 2. These data indicate that there are adequate cerebral perfusion and oxygen availability at the anesthetic and CO2 doses that were used during the experiments. The EEG in very lightly anesthetized rats displayed moderate activity with a high spec tral edge frequency (=25 Hz). Hypercarbia alone diminished this EEG activity and decreased the spectral edge frequency (to =5-10 Hz). The combi nation of hypercarbia and vapor anesthesia (either 0.5% halothane or 1.0% isoflurane) resulted in burst suppression activity, with the bursts being somewhat less frequent during isoflurane anes thesia than during halothane anesthesia.
DISCUSSION
General anesthesia commonly causes central nervous system depression and a concomitant de crease in cerebral oxygen consumption and glucose metabolism. Thus, the EEG measurements suggest that cerebral metabolic demands decreased during all of the hypercarbia episodes. Furthermore, gen eral anesthesia, under conditions of adequate tissue oxygenation and normocarbia, is not known to change cerebral high energy phosphate concentra tions (Siesjo, 1978) . Our study, however, shows that despite adequate tissue oxygenation and con stant ATP levels, the presence of one anesthetic, halothane, causes a significantly greater fall in PCr, with almost no change in ADP, during the stress of hypercarbia. When this stress occurs during iso flurane anesthesia and during no anesthesia, there are a significant fall in ADP and only a small de crease in PCr.
We conclude that the creatine kinase reaction, PCr + ADP + H+ � Cr + ATP, stays coupled to ATP metabolism in the same way during hyper carbia and either isoflurane anesthesia or "no anes thesia. " The creatine kinase reaction is coupled to mitochondrial reactions such as ATP synthesis, Values are means ± SE, n = 4 for each anesthetic.
ADP + Pi + H + � ATP, as well as to transport processes and other cytosolic reactions that alter ATP and ADP (Veech et aI., 1979; Erecinska and Wilson, 1982) . During hypercarbia and halothane anesthesia, there is an interference with the bio chemical processes that are involved in ATP metab olism. The addition of hydrogen ions caused per and ADP to fall in each of the cases that we studied, as expected from previous investigations in vitro . However, the quantitative changes of these metabolites were sig nificantly different when halothane was present. The in vivo regulation of mitochondrial oxidative phosphorylation and intracellular energy metabo lism is complex, controversial, and still not com pletely understood (Erecinska and Wilson, 1982; Jacobus et aI., 1982) . It is therefore not immedi ately apparent how halothane caused a difference. Nevertheless, because cerebral perfusion, brain tissue oxygenation, and reduced EEG activity were maintained throughout our animal experiments, we conclude that the observed in vivo effect of halo thane during hypercarbia represents a biochemical phenomenon. Because all of the animals experi enced complete neurologic recovery, this biochem ical phenomenon, which seems to be a manifesta tion of halothane's ability to interfere with oxida tive phosphorylation, cannot be termed deleterious in the context of our experiment.
